Abstract The Southern Copper Belt, Carajás Province, Brazil, hosts several iron oxide-copper-gold (IOCG) deposits, including Sossego, Cristalino, Alvo 118, Bacuri, Bacaba, Castanha, and Visconde. Mapping and U-Pb sensitive high-resolution ion microprobe (SHRIMP) IIe zircon geochronology allowed the characterization of the host rocks, situated within regional WNW-ESE shear zones. They encompass Mesoarchean (3.08-2.85 Ga) TTG orthogneiss, granites, and remains of greenstone belts, Neoarchean (ca. 2.74 Ga) granite, shallowemplaced porphyries, and granophyric granite coeval with gabbro, and Paleoproterozoic (1.88 Ga) porphyry dykes. Extensive hydrothermal zones include albite-scapolite, biotite-scapolite-tourmaline-magnetite alteration, and proximal potassium feldspar, chlorite-epidote and chalcopyrite formation. U-Pb laser ablation multicollector inductively coupled mass spectrometry (LA-MC-ICP-MS) analysis of ore-related monazite and Re-Os NTIMS analysis of molybdenite suggest multiple Neoarchean (2.76 and 2.72-2.68 Ga) and Paleoproterozoic (2.06 Ga) hydrothermal events at the Bacaba and Bacuri deposits. These results, combined with available geochronological data from the literature, indicate recurrence of hydrothermal systems in the Southern Copper Belt, including 1.90-1.88-Ga ore formation in the SossegoCurral ore bodies and the Alvo 118 deposit. Although early hydrothermal evolution at 2.76 Ga points to fluid migration coeval with the Carajás Basin formation, the main episode of IOCG genesis (2.72-2.68 Ga) is related to basin inversion coupled with Neoarchean (ca. 2.7 Ga) felsic magmatism. The data suggest that the IOCG deposits in the Southern Copper Belt and those in the Northern Copper Belt (2.57-Ga Salobo and Igarapé Bahia-Alemão deposits) do not share a common metallogenic evolution. Therefore, the association of all IOCG deposits of the Carajás Province with a single extensive hydrothermal system is precluded.
The IOCG deposits of the Carajás Province are mainly situated along or close to two distinct E-W and WNW-ESEtrending regional shear zones, located in the northern and southern contacts of the Carajás Basin with its basement. The Northern Copper Belt hosts the Salobo (1.112 Bt at 0.69 % Cu and 0.43 g/t Au; Vale 2012), Igarapé BahiaAlemão (219 Mt at 1.4 % Cu and 0.86 g/t Au; Tallarico et al. 2005) , Paulo Alfonso, Furnas, Polo, and Alvo GT46 deposits. The Salobo and Igarapé Bahia-Alemão deposits have been considered as related to an extensive magmatichydrothermal IOCG system developed at ca. 2.57 Ga (Réquia et al. 2003; Tallarico et al. 2005) .
The Southern Copper Belt, which is the subject of this study, hosts the world-class Sossego (355 Mt at 1.1 % Cu and 0.28 g/t Au; Lancaster Oliveira et al. 2000) , Cristalino (482 Mt at 0.65 % Cu and 0.06 g/t Au; NCL Brasil 2005) , and Alvo 118 (170 Mt at Cu and 0.3 g/t Au; Rigon et al. 2000) deposits. Several smaller deposits, including Bacaba, Bacuri, Castanha, Visconde, and Jatobá are located from 8 to 15 km northeast of the Sossego mine, in the Serra Dourada area. These deposits are still in evaluation by the Vale Company, and the estimations of resources are unpublished. Additionally, barren massive magnetite bodies have also been recognized in the area.
The IOCG deposits in the Southern Copper Belt are notable because they appear to contain mineralized zones similar to those recognized worldwide as formed at a range of depths. These features are sometimes recognized even in a single deposit, which is the case of the Sossego deposit (Monteiro et al. 2008a, b) . Interestingly, for this deposit, reliable isotopic data (Re-Os NTIMS analysis of molybdenite and U-Pb laser ablation multicollector inductively coupled mass spectrometry (LA-MC-ICP-MS) analysis of hydrothermal monazite; Moreto et al. accepted) revealed that deeper-emplaced ore bodies (Sequeirinho-Baiano-Pista ore bodies), with typical sodic-calcic alteration (albite-actinolite) associated with massive magnetite-(apatite), were formed during the Neoarchean (2.71-2.68 Ga; Moreto et al. accepted) . Although spatially very close, the shallow-emplaced Sossego-Curral ore bodies, which have characteristic potassic and chlorite alteration, were developed in the Paleoproterozoic (1.90-1.88 Ga) during a subsequent IOCG-forming event (Moreto et al. accepted) . These data suggest that the evolution of the hydrothermal systems in the Sossego deposit was not synchronous with the ca. 2.57-Ga episode of hydrothermal activity registered at the Salobo and the Igarapé Bahia-Alemão deposits in the Northern Copper Belt.
Several other IOCG deposits (e.g., Castanha, Bacaba, Bacuri, Jatobá, and Visconde) are related to extensive zones of biotite-scapolite-tourmaline-magnetite alteration coeval with shear zone development. These deposits have been interpreted as representative of distal and deeper envelopes to major paleo-hydrothermal IOCG systems (Moreto et al. 2011 ).
Despite evidence of spatial zonation of hydrothermal alteration, the direct association of these deposits with different portions of a large-scale single hydrothermal system is precluded. Additionally, a more comprehensive understanding of these IOCG systems is limited by the scarcity of geological and geochronological data for most deposits of the Southern Copper Belt.
This paper aims to present detailed characterization of the host rocks and the distribution of the hydrothermal alteration in the Serra Dourada area of the Southern Copper Belt, Carajás Province. Furthermore, the purpose is to constrain the timing of emplacement of the intrusive host rocks and IOCG mineralization (U-Pb sensitive high-resolution ion microprobe (SHRIMP) IIe analysis of zircon, Re-Os analysis of molybdenite, and U-Pb LA-MC-ICP-MS analysis of hydrothermal monazite) in the Southern Copper Belt, with emphasis on the Bacaba and Bacuri deposits.
Geological setting of the Carajás Province
The Carajás Province, situated in the southeastern part of the Amazon Craton, Brazil, is composed of two Archean domains: Rio Maria Domain in the south and Carajás Domain ( Fig. 1) in the north. The Rio Maria Domain comprises ca. 3.0 to 2.9-Ga greenstone belt sequences (DOCEGEO 1988; Araújo and Maia 1991) and ca. 2.97-Ga mafic-ultramafic complexes (DOCEGEO 1988; Pimentel and Machado 1994) and granites with different ages and compositions. The latter include the ca. 2.93-2.98-and 2.86-Ga TTG suites (DOCEGEO 1988; Almeida et al. 2011 ), 2.87-Ga sanukitoid rocks , ca. 2.86-2.87-Ga potassic leucogranites (Almeida et al. 2010) , and 1.88-Ga A-type granites (Dall'Agnol et al. 1999) .
The Carajás Domain ( Fig. 1) , which hosts all known IOCG deposits, is distinct from the Rio Maria Domain due to extensive Neoarchean reworking along shear zones and also in the characteristics of the granites. The basement rocks of the Carajás Domain were previously referred to as gneisses and migmatites of the Xingu Complex and orthogranulites of the Pium Complex, with protolith crystallization ages of ca. 3.0 Ga (Pidgeon et al. 2000) . Nevertheless, recent studies (Moreto , 2013 Feio et al. 2013 ) have attempted to characterize distinct Mesoarchean units in the former Xingu Complex area. For instance, the oldest rocks of the entire Carajás Province were identified in these areas (ca. 3.0 Ga; Bacaba Tonalite and Sequeirinho Granite; Moreto et al. 2011, accepted) .
The Neoarchean Carajás Basin comprises ca. 2.76-2.74-Ga metavolcanic-sedimentary units (banded iron formations, rhythmites, bimodal volcanic, and volcaniclastic rocks), attributed to the Rio Novo Group (Hirata et al. 1982 ) and the Itacaiúnas Supergroup DOCEGEO 1988; Machado et al. 1991) . The low-grade metasedimentary sequence of the Águas Claras Formation (Nogueira et al. 1995) overlies the Itacaiúnas Supergroup and the Rio Novo Group and was deposited in a fluvial to shallow marine environment.
The mafic-ultramafic magmatism in the Carajás Domain is represented by the Luanga layered igneous complex (2.76 Ga; U-Pb zircon; Machado et al. 1991) , which was metamorphosed to the greenschist facies, and the Cateté Intrusive Suite (e.g., Serra da Onça, Serra do Puma, Serra do Jacaré- Fig. 1 Geological map of the Carajás Domain (Vasquez et al. 2008a ). Location in Brazil (A). Location of the Carajás Domain in the Carajás Province (B). Geological map of the Carajás Domain (C) (Vasquez et al. 2008a) Jacarezinho, Vermelho and Igarapé Carapanã bodies), which shows evidence for neither metamorphism nor deformation (Ferreira Filho et al. 2007 ).
Felsic magmatism is represented by Neoarchean (ca. 2.75-2.70 and ca. 2.57 Ga) and Paleoproterozoic granites. The older Neoarchean event is widespread through the Carajás Domain and characterized by syntectonic foliated alkaline granites (e.g., Estrela; Planalto, Serra do Rabo granites; Huhn et al. 1999a; Barros et al. 2004; Sardinha et al. 2006; Feio et al. 2013) . Younger Neoarchean alkaline granites (Machado et al. 1991; Souza et al. 1996) are restricted to the north part of the Carajás Domain, close to the Cinzento strike-slip fault system (Fig. 1) . Lastly, the Paleoproterozoic episode of A-type alkaline granite formation corresponds to the ca. 1.88 Ga Serra dos Carajás Intrusive Suite (e.g., Central de Carajás, Cigano, Rio Branco Granites; Machado et al. 1991) .
According to Wirth et al. (1986) , Gibbs et al. (1986) , and DOCEGEO (1988) , the Carajás Basin was formed in a continental rift setting related to mantle plume activity (Tallarico 2003) . However, according to Dardenne et al. (1988) and Teixeira (1994) , high potassium calc-alkaline basalt of the Itacaiúnas Supergroup suggests basin formation in a volcanic arc setting related to subduction processes. The inversion of the Carajás Basin has been attributed to progressive transtensional and transpressional deformation (Pinheiro and Holdsworth 1997) . This resulted in dynamic metamorphism within regional E-W and ESE-WNW shear zones with several periods of reactivation. Nevertheless, Pinheiro et al. (2013) suggest that the widespread E-W foliation, folding, and faults recognized in the Carajás Basin are related to shortening from NNE to SSW. A major set of NE-SW sinistral strike-slip faults developed in ductile-brittle conditions have been considered responsible for the sigmoidal "S-shape" of the Carajás Basin.
IOCG deposits in the Southern Copper Belt
The IOCG deposits in the Southern Copper Belt are located along a regional, 130 km long, E-W-to WNW-ESE-trending shear zone, named the Canaã Shear Zone ( Fig. 1 ; Pinheiro et al. 2013) . The geochemical nature of the host rocks of these deposits is variable, including felsic and mafic intrusive rocks and subordinate metavolcanic-sedimentary units of the Itacaiúnas Supergroup. A synthesis of the geological characteristics of these deposits is presented in Supplementary  Table 1, and the available geochronological data are given in  Supplementary Table 2. Different hydrothermal alteration patterns have been recognized in the IOCG deposits of the Southern Copper Belt. The Sossego deposit is distinctive because it contains two groups of ore bodies (Sequeirinho-Pista-Baiano and Sossogo-Curral) with alteration zones similar to those formed, respectively, in deeper and shallower crustal depths. Thus, this deposit provides a vertical view of a major IOCG hydrothermal system (Monteiro et al. 2008a, b) . The deeper SequeirinhoPista-Baiano ore bodies have initially undergone extensive sodic (albite-hematite), sodic-calcic (albite-actinolite), and magnetite-apatite alteration, which is analogous to alteration zones recognized in the world-class Cristalino deposit (Huhn et al. 1999b) . In both deposits, early alteration stages were simultaneous with the development of the Canaã Shear Zone. These zones were overprinted by narrower halos of potassic (potassium feldspar or biotite) alteration. Later actinolitechlorite-epidote-allanite-apatite-(monazite) alteration was synchronous with copper-gold ore formation in both deposits (Monteiro et al. 2008a, b; Huhn et al. 1999b) .
On the other hand, the hydrothermal alteration zones in the Sossego-Curral ore bodies (Sossego deposit) are similar to those in the Alvo 118 deposit, which has been related to a shallow-emplaced system (Torresi et al. 2012) . They encompass weakly developed sodic (albite-scapolite) alteration followed by intense potassic alteration (potassium feldspar and biotite) that evolves to chlorite alteration. The calcitequartz-chlorite-epidote-allanite assemblage was coeval with copper ore formation associated with brittle structures (Monteiro et al. 2008a, b; Torresi et al. 2012) . Late muscovite-hematite alteration locally overprints the ore zones.
In the Serra Dourada area, however, smaller IOCG deposits (e.g., Bacaba, Bacuri, Castanha, Visconde, Jatobá, and Visconde) are located within extensives zones with albite, scapolite-(magnetite), and biotite-scapolite-magnetite-(tourmaline) alteration, similar to those recognized in distal portions of IOCG systems. The development of these alteration zones was prior to, or synchronous with, the development of the shear zones. Actinolite-and magnetite-rich halos have been identified only in the Castanha deposit (Pestilho 2011) . Recurrence of later stages of potassic alteration (potassium feldspar and biotite) and silicification is suggested by crosscutting relationships among pervasive alteration zones and several vein generations. The copper ore formation was associated with chlorite alteration and a late assemblage including chlorite-potassium feldspar-quartz-epidote-monazite (Moreto et al. 2011; Melo et al. 2014) .
Geochemical ore signatures defined by Fe-Cu-Au-REE-P and variable contents of U-Ni-Co-Pd-Y-Sn-Bi-Be-PbAg-Te are representative of the IOCG deposits of the Carajás Province and strongly dependent upon the chemistry of the leached host rocks . Fluid inclusion and stable isotope data (Supplementary Table 1) suggest that these deposits represent hybrid systems with magmatic and externally derived fluids (Monteiro et al. 2008a; Carvalho 2009; Xavier et al. 2009; Pestilho 2011; Craveiro 2011; Torresi et al. 2012) . A major contribution of magmatic fluids was identified in the Castanha deposit (Pestilho 2011) . Conversely, in shallow-emplaced deposits (Sossego-Curral ore bodies and Alvo 118 deposit), significant influx of surface-derived fluids during ore deposition has been interpreted (Supplementary Table 1) .
Geochronological data (Re-Os NTIMS analysis of molybdenite and U-Pb LA-MC-ICP-MS analysis of hydrothermal monazite; Moreto et al. accepted; Supplementary Table 2) at the Sossego deposit revealed that the two sets of ore bodies (Sequeirinho-Baiano-Pista and Sossego-Curral ore bodies), although spatially very close, were formed during distinct IOCG-forming intervals in the Neoarchean (2.71-2.68 Ga; Sequeirinho-Pista-Baiano ore bodies) and in the Paleoproterozoic (1.90-1.88 Ga; Sossego-Curral ore bodies; Moreto et al. accepted) . These data, combined with the U-Pb SHRIMP age for the Alvo 118 deposit (1,868±7 Ma; orerelated hydrothermal xenotime; Tallarico 2003) , suggest that shallow-emplaced deposits were formed during the Paleoproterozoic. However, the available data are not sufficient to prove whether the scapolite-rich IOCG deposits (Castanha, Bacaba, Bacuri, and Jatobá) represent different portions of these hydrothermal systems or have a distinct evolutionary history in the Southern Copper Belt.
Analytical procedures
Fieldwork was performed in the vicinity of the Bacaba, Bacuri, Castanha, and Visconde IOCG deposits in the Serra Dourada area, Southern Copper Belt. Descriptions of drill cores and petrographic studies under transmitted and reflected light of samples of the Bacaba and Bacuri deposits were made, and least altered samples of the host rocks were collected for U-Pb geochronology. Monazite concentrates were extracted from ore and hydrothermally altered drill cores of the IOCG deposits, kindly supplied by Vale. Zircon and monazite concentrates were extracted from 400 to 1 kg of rock using conventional gravity and magnetic techniques. The mineral concentrates were handpicked under a binocular microscope, mounted in epoxy blocks, and polished until quasi-central sections were obtained. The zircon grains were mounted together with the TEMORA standard in epoxy. After Au-coating, the polished mounts were comprehensively examined with a FEI-QUANTA 250 scanning electron microscope equipped with secondary electron, cathodoluminescence (CL) and backscattered electron (BSE) detectors. The most common conditions used in CL analysis were as follows: 60 μA of emission current, 15.0 kV of accelerating voltage, 7 μm of beam diameter, 200 μs of acquisition time, and a resolution of 1,024×884.
U-Pb SHRIMP, zircon
The U-Pb SHRIMP IIe zircon isotopic analyses were performed at the High-Resolution Geochronology Laboratory of the Geochronological Research Center, University of São Paulo, Brazil, following the analytical procedures presented in Williams (1998 U is less than 2.5 %. The uranium abundance and U/Pb ratios were calibrated against the TEMORA standard, and the age calculations were performed with Isoplot© 3.0 (Ludwig 2003) .
The in situ U-Pb monazite data were collected using LA-MC-ICP-MS at the Canadian Centre for Isotopic Microanalysis, University of Alberta, Edmonton, Canada. A full description of the analytical approach is reported in Simonetti et al. (2005) . The analytical setup consists of a New Wave UP-213 laser ablation system interfaced with a Nu plasma MC-ICP-MS equipped with three ion counters. The laser was operated at 4-Hz pulse rate and a beam diameter of 12 mm that yielded a fluency of~3 J/cm 2 . Ablations were conducted in a He atmosphere at a flow rate of 1 L/min through the cell. Output from the cell was joined to the output from a standard Nu plasma desolvating nebulizer (DSN). On peak gas+acid, blanks (30 s) were measured prior to a set of 10-20 analyses. Data were collected statically, consisting of 30 1-s integrations. Before and after each set of analyses, an in-house monazite reference material was repeatedly analyzed, which corresponded to the Western Australia monazite (2,843.7± 6.5 Ma, Simonetti et al. 2006; Heaman unpublished data) Tl of 2.3871. All data were reduced offline using an in-house Excel-based program. Unknowns were normalized to the in-house monazite standard. The uncertainties reported are a quadratic combination of (1) the standard error of the measured isotope ratio and (2) the standard deviation of the standards that bracket the unknowns. Reproducibility of the monazite standard is estimated to be~1 % for 
Re-Os, molybdenite
Methods used for molybdenite analysis at the Canadian Centre for Isotopic Microanalysis, University of Alberta, Edmonton, Canada, are described in detail by Selby and Creaser (2004) and Markey et al. (2007) Os analysis was used. Isotopic analyses were made using a Thermo Scientific Triton mass spectrometer by Faraday collector. Total procedural blanks for Re and Os are less than <3 and <2 pg, respectively, which are insignificant for the Re and Os concentrations in molybdenite. The Chinese molybdenite powder HLP-5 (Markey et al. 1998 ) was analyzed as a standard. For the control of the standard, periodic analyses during 2 years were undertaken. An average Re-Os age of 221.56±0.40 Ma (1 SD uncertainty, n=10) was obtained. This Re-Os age date is identical to that reported by Markey et al. (1998) of 221.0±1.0 Ma.
The Southern Copper Belt: host rocks of the IOCG deposits
The Serra Dourada area, or central-west part of the Southern Copper Belt (Fig. 2) , where the Bacaba, Bacuri, Castanha, and Visconde deposits are located, mainly comprises the Serra Dourada Granite and mafic intrusive rocks variably obliterated by hydrothermal process. Other important host rocks correspond to migmatites, meta-ultramafic rocks, granites, and felsic subvolcanic rocks.
Migmatites
The Xingu Complex (Figs. 2 and 3a) , which outcrops south of the Serra Dourada Granite, comprises metatexite to diatexite migmatites. It has NE-SW-to W-E-trending foliation with low-angle dips to the south, except along shear zones, where high-angle fabrics are recognized. The mesosome is composed of plagioclase, quartz, biotite, hornblende, and minor magnetite. The leucosome is coarse-grained and consists of megacrysts of potassium feldspar within a matrix composed of quartz, plagioclase, and magnetite. Biotite and hornblende are concentrated in melanosome, suggesting in situ partial melting. The leucosome and mesosome, which are both folded, are cut by granite and pegmatite injections with graphic textures similar to those of the Serra Dourada Granite. Potassium feldspar is along fractures and surrounding plagioclase crystals, evidence for discrete potassic alteration. The protoliths of the migmatites are interpreted to be Mesoarchean in age (>2.86 Ga) and would have experienced at least two episodes of high-grade metamorphism (Machado et al. 1991) . According to these authors, the last event of migmatization, Fig. 2 Geological map of the Serra Dourada area, Southern Copper Belt (modified from Vale, unpublished) which was regional in extent, took place at 2,860±2 Ma. Moreover, recent U-Pb zircon of the Bom Jesus Granite (Feio et al. 2013) , which has the same spatial distribution of the Xingu migmatite in the Serra Dourada area, revealed considerably different ages ranging from 3.0 to 2.6 Ga. The wide age interval could reflect dating of both leucosome and mesosome in the same sample.
Bacaba Tonalite
The Bacaba Tonalite (Figs. 2 and 3b , c) was firstly described and dated by Moreto et al. (2011) , yielding an age of 3,001± 3.6 Ma. Its occurrence is restricted to the northwest part of the Serra Dourada area, although meter-scale lenses also occur within the Serra Dourada Granite. Additionally, drill holes in the Bacaba deposit area intercept several intervals of the tonalite.
The Bacaba Tonalite is gray, isotropic to foliated, fine-to medium-grained (0.2 to 3 mm), equigranular (Fig. 3b, c) , and composed of quartz, saussuritized plagioclase, alkali feldspar, biotite, amphibole, chlorite, and minor calcite, epidote, and hematite. Its modal composition varies from granodiorite to tonalite. Deformed amphibolite enclaves are commonly identified. Hydrothermal alteration includes silicification, scapolite, and biotite alteration frequently controlled by mylonitic foliation.
Meta-ultramafic rocks
The meta-ultramafic rocks (Figs. 2 and 3d, e) occur as intensely deformed lenses along shear zones inside the Serra Dourada Granite, mafic intrusive, and metavolcanic rocks. The meta-ultramafic rocks are dark-green to dark gray and fine-to medium-grained and have nematoblastic texture. They are composed of tremolite (Fig. 3d) , anthophyllite, talc, and Mg-chlorite in different proportions, and minor calcite and serpentine (Fig. 3e) . In some areas, up to 2 cm long tremolite porphyroblasts (Fig. 3d) are identified. Hydrothermal alteration is mainly scapolite replacement of tremolite and chalcopyrite dissemination.
The meta-ultramafic rocks are invariably mylonitized along shear zones that cut the Serra Dourada area. Several supergene copper prospects and IOCG deposits (e.g., Visconde) occur along or close to regional and local shear zones where the meta-ultramafic rocks are found. Additionally, small lenses of these rocks are also found in drill cores intercepting the Sossego (Pista ore body), Bacaba, Bacuri, and Visconde deposits.
Campina Verde Tonalite
The Campina Verde Tonalite (Figs. 2 and 3f-h) is found in the northeast portion of the Serra Dourada area. Its best outcrop exposure is in an abandoned quarry for grit in the vicinity of the Planalto village (Fig. 3f) , but it also occurs as meter-scale lenses inside the Serra Dourada Granite.
The Campina Verde Tonalite (Fig. 3g ) is isotropic to weakly foliated, gray, medium-grained (0.5 to 4 mm) to locally coarse-grained, and composed of quartz, plagioclase, alkali feldspar, amphibole (hastingsite; Fig. 3h ), biotite, with subordinate titanite, ilmenite, pyrite, and chalcopyrite. Its modal composition varies from tonalite to granodiorite.
Field relationships indicate that this unit is older than the Serra Dourada Granite (Fig. 3f ). This is evidenced by granite apophyses in the Campina Verde Tonalite and by tonalitic enclaves inside the Serra Dourada Granite, indicating that part of the tonalite was assimilated during granite emplacement. Elongated mafic enclaves of diorite are found within the Campina Verde Tonalite, whereas aplitic dykes with granodiorite composition crosscut this unit. The intensity of deformation increases close to the contact of the Campina Verde Tonalite with the Serra Dourada Granite. The mylonitic foliation in these areas is predominantly WNW-ESSE with lowangle dips (20 to 40°) to SW, whereas the lineation has strikeslip displacement.
Two samples of the Campina Verde Tonalite were selected for U-Pb SHRIMP IIe geochronology in this study. Sample GMCL 01 ( Fig. 3g ) has tonalitic composition, and sample GMCL 66 represents granodiorite with pervasive to fracture-controlled potassic alteration (up to 15 % of biotite).
Rio Verde Trondhjemite
The Rio Verde Trondhjemite (Fig. 2) is located in the southeast part of the Serra Dourada area, in contact in the east with the Serra Dourada Granite and in the north with the Campina Verde Tonalite. The Rio Verde Trondhjemite is gray to beige, fine-grained, isotropic to foliated close to the contact with the Serra Dourada Granite, and composed of quartz, plagioclase, and minor alkali feldspar and biotite. It has yielded an age of 2,868±4 Ma (Pb-Pb zircon evaporation) although an older age of 2,923±15 Ma (zircon U-Pb LA-ICP-MS) was reported (Feio et al. 2013 ).
Serra Dourada Granite
The Serra Dourada Granite (Moreto et al. 2011; Feio et al. 2013; Figs. 2 and 3f, i) forms a stock (ca. 100 km 2 ) to the east of the Sossego deposit. It is one of the most important host rocks of the Bacaba, Bacuri, and Visconde deposits and several Cu prospects enclosed along shear zones in the contact between the granite and mylonitized meta-ultramafic lenses. Hydrothermal alteration is especially conspicuous adjacent to the shear zones and becomes more intense westward, close to the Sossego deposit.
The Serra Dourada Granite is pink to light grayish pink, and medium-(0.3 to 4 mm) to coarse-grained (2 to 6 mm), with syenogranite composition. It is isotropic but locally has mylonitic foliation and is mainly composed of quartz, alkali feldspar (orthoclase and microcline), and plagioclase, with minor biotite and chlorite. Accessory minerals are epidote, allanite, zircon, pyrite, magnetite, and hematite. In addition to the equigranular facies, porphyritic ( Fig. 3i) , pegmatitic, and graphic facies with similar mineralogy have been recognized. When present, the foliation in the Serra Dourada Granite varies around WNW-ESE with dips showing variable angles to SSW. In this study, one sample of the porphyritic facies (GMCL 40A; Fig. 3i ) was selected for U-Pb SHRIMP IIe zircon geochronology.
Mafic intrusive rocks
The mafic intrusive rocks (Figs. 2 and 4a, b) are isotropic or preferentially oriented mostly along E-W and NW-SE trending and consist of either intrusions (up to 800 m 2 ) or dykes that cut the Serra Dourada Granite and the tonalitic rocks. Least altered rocks are dark gray, fine-to mediumgrained, and usually have subophitic textures (Fig. 4b ). These rocks vary in modal composition from diopside norite to gabbro. Additionally, in some outcrops (one of them close to the Bacaba deposit), porphyritic gabbro with 4-5 cm long euhedral plagioclase crystals was observed (Fig. 4a ). Chalcopyrite and magnetite are disseminated.
Some samples contain abundant hydrothermal hastingsite (up to 60 %) and hornblende. Amphibole and biotite replace pyroxene and are subsequently altered by Fe-and Mg-rich chlorite. Albite and scapolite have formed along the rims and Tonalite with elongated mafic enclaves due to deformation (Sample GMCL 01). h Hydrothermal hastingsite in the Campina Verde Tonalite. i Serra Dourada Granite with porphyritic facies (sample GMCL 40). Chl chlorite, Hs hastingsite, Mgt magnetite, Tlc talc, Tr tremolite cleavage planes of plagioclase, and epidote, clinozoisite, ilmenite, rutile, and calcite are also recognized. Intensely altered portions are foliated, fine-grained (<0.1 to 0.5 mm), and composed of hydrothermal biotite (50 %), scapolite (30 %), and quartz (20 %) oriented along the mylonitic foliation.
Quartz-feldspar porphyries
The quartz-feldspar porphyries ( Fig. 2 and 4c, d) correspond to subcircular bodies (<4 m in diameter) that intrude the Serra Dourada Granite and mafic intrusive rocks. These felsic subvolcanic rocks are black or dark gray and isotropic to foliated. The porphyries have a fine-to very fine-grained matrix (>0.1 mm) composed of quartz, alkali feldspar, and plagioclase with rhyodacite to dacite modal composition. Millimeter-scale (0.2 to 4 mm) blue quartz megacrysts with bi-pyramidal terminations, embayment, and undulose extinction are also identified. Locally, millimeter-scale (1 to 3 mm) subhedral plagioclase crystals are also recognized.
Hydrothermally altered rocks similar to the quartz-feldspar porphyries outcrop in the Visconde deposit area and are also found in drill cores of the Castanha deposit. In the latter, the Castanha quartz-feldspar porphyry (Fig. 4c, d ) represents the main host rock of the copper mineralization (Pestilho 2011) . In intensely deformed rocks, high content of hydrothermal biotite and scapolite is observed defining the mylonitic foliation and is accompanied by crystal stretching and comminution of quartz (Pestilho 2011) .
Two samples of the quartz-feldspar porphyries were selected for U-Pb SHRIMP IIe zircon geochronology in this study. Sample GMCL 54A is from the subcircular subvolcanic bodies with meter-wide diameter mapped in the Serra Dourada area. The other sample was collected from drill cores that intercept the Castanha quartz-feldspar porphyry (sample CASD 02/424.90; Fig. 4c, d ) and shows evidence of hydrothermal alteration represented by fine-grained scapolite and biotite.
Mafic metavolcanic rocks
Mafic metavolcanic rocks (Figs. 2 and 4e) occur as deformed lenses inside the Serra Dourada Granite and the Campina Verde Tonalite. They are intensely hydrothermally altered and/or weathered. Where best preserved, the metabasites are foliated, dark-green to black, with nematoblastic textures, and are composed of hornblende, chlorite, biotite, quartz, epidote, and titanite. Hydrothermal chlorite also alters amphibole crystals. Several millimeter-wide sets of fractures with different directions are filled by amphibole (Fig. 4e) .
Deformation can be extremely intense among these rocks, and the mylonitic foliation may be anastomosing, frequently with NW-SE directions with low-to high-angle dip (5 to 80°) Fig. 4 Characteristic features, field aspects, and photomicrographs of the mafic intrusive, subvolcanic, and metavolcanic rocks of the Serra Dourada area. a Porphyritic diabase with up to 3 cm long plagioclase phenocrysts. b Diopside norite with recognizable subophitic texture. c Castanha quartz-feldspar porphyry with millimeter-scale megacrysts of blue quartz and feldspar (sample CASD 02/424.9). d Castanha quartzfeldspar porphyry with euhedral bipyramidal quartz megacrysts (sample CASD 02/424.9). Note the feldspar megacrysts in the center, which correspond to hydrothermal albite with chessboard texture. e A basalt outcrop. Fractures with random directions are filled by fine-grained amphibole. f Quartz porphyry dykes. Di diopside to SW. E-W striking foliation with dips around 85°to south and NE-SW trending foliation with high-angle dips (>80°) to NW were also identified.
Dykes of quartz porphyry
The quartz porphyry (Figs. 2 and 4f ) occurs as centimeter-to meter-wide dykes that cut all the country rocks. It is isotropic, pink, and shows porphyritic texture with a fine-grained equigranular matrix. Irregular to vermicular granophyric intergrowths of quartz and alkali feldspar are common. The rock is composed of millimeter-size phenocrysts (1 to 4 mm) and fine-grained, quartz, potassium feldspar, and plagioclase, with minor biotite, magnetite, and chalcopyrite. The modal composition varies from rhyodacite to rhyolite. The porphyry dykes are unaffected by hydrothermal alteration and cut hydrothermally altered portions of the Serra Dourada Granite. The same pristine dykes also crosscut altered rocks in the Sossego, Alvo 118, Bacaba, Bacuri, and Jatobá IOCG deposits.
One sample of the quartz porphyry was selected for U-Pb SHRIMP IIe zircon geochronology in this study. Sample GMCL 40 (Fig. 4f ) was collected from a 2 m-wide dyke that cuts the Serra Dourada Granite, located approximately 4 km west of the Sossego Mine.
Hydrothermal alteration in the Southern Copper Belt and in the Bacaba and Bacuri IOCG deposits
Hydrothermal alteration is commonly recognized in all lithotypes in the Southern Copper Belt. The metasomatism is not restricted to the deposit area but extends to up to 20 km laterally. The alteration is more intense along the controlling regional structures, which have WNW-ESE-trending foliation. These structures correspond to penetrative subvertical to vertical fabrics related to transcurrent ductile shear zones, such as the Canaã Shear Zone, which act as the main pathways for interaction of hydrothermal fluids with the country rocks.
Host rocks of the Bacaba and Bacuri IOCG deposits
The Bacaba deposit is mainly hosted by the Serra Dourada Granite (Moreto et al. 2011; Feio et al. 2013) , the Bacaba Tonalite (Moreto et al. 2011) , and crosscutting gabbro. Additionally, in the vicinity of the deposit, quartz-feldspar porphyries, lenses of tremolite-talc mylonite, and porphyritic gabbro are identified. The Bacuri deposit is also hosted by the Serra Dourada Granite and by subvolcanic dacitic rocks, named the Bacuri porphyry (Melo et al. 2014) , gabbro, and minor lenses of tremolite-talc mylonite. Figure 5 shows a simplified cross section of the Bacaba (Fig. 5a) , Castanha (Fig. 5b) , and Bacuri (Fig. 5c ) deposits.
Sodic alteration
The sodic alteration (Figs. 4d and 6a-f) is well developed and widespread and corresponds to formation of albite-(hematite) and scapolite-(magnetite). This alteration affects distinct rock types and shows different intensities and styles that vary from structurally controlled to pervasive.
Albite alteration
Hydrothermal albite occurs in structurally controlled veins and veinlets (Fig. 6a ) and in fronts of selective and pervasive alteration (Fig. 6b) . The latter corresponds to the replacement of igneous microcline by chessboard albite (Fig. 4d) , particularly in granites and in the quartz-feldspar porphyries. Pervasive alteration resulted in partial to complete replacement of the Serra Dourada Granite and the Rio Verde Trondhjemite (up to 80 % of the rock) by white, beige, or pink to reddish albite crystals with tiny microscopic inclusions of hematite.
Scapolite alteration and infilling
Scapolite and minor magnetite occur in millimeter-to centimeter-wide veins and veinlets (Fig. 6c) crosscutting the quartz-feldspar porphyries, mafic rocks, the Bacaba Tonalite, and the Serra Dourada Granite. In such veins, coarse-grained fibrous or fibro-radial (Fig. 6d ) marialite crystals typically have undulose extinction and subgrain boundaries. Additionally, scapolite in dense millimeter-to centimeterwide veinlet network obliterates almost completely the igneous texture in some part of the Serra Dourada Granite.
In the Bacaba and Bacuri deposits, the fracture-controlled to pervasive marialitic scapolite alteration is increasingly intense around large veins (>10 m) containing marialitic scapolite (+quartz, magnetite, and fluorite), especially in the Bacaba deposit. In this latter, scapolite replaces the igneous plagioclase and hydrothermal albite along rims, fractures, and cleavages planes. Disseminated scapolite crystals (>1 mm) occur as pseudomorphs after plagioclase in the gabbroic rocks. Additionally, scapolite crystals are commonly recognized in biotite-rich mylonites (Fig. 6e) .
Hydrothermal breccias may have matrix composed of scapolite with subordinate euhedral magnetite and centimeter-wide angular fragments of the host rock. Such breccias were found in the Bacaba Tonalite (Fig. 6f ) and in the mafic intrusive rocks.
Na-Ca alteration
Sodic-calcic alteration is less evident in the country rocks than the sodic and potassic alteration. Centimeter-wide veins of actinolite with minor albite were identified in the Campina Verde Tonalite. Additionally, millimeter-scale crystals of actinolite, albite, and quartz occur locally disseminated in the Serra Dourada Granite, previously altered by pervasive albite alteration (Fig. 6g) . On the other hand, hydrothermal hastingsite is frequently recognized in various rocks ( Fig. 3h ) (e.g., Campina Verde and Bacaba Tonalites, mafic intrusive and volcanic rocks). In mafic rocks, hastingsite completely replaces pyroxene crystals and alters the plagioclase rims or occurs along cleavage and fracture.
Potassic alteration

Biotite-scapolite
Potassic alteration with biotite (Figs. 4d and 6e, h, i) is recognized in both mafic and felsic rocks. The biotite-quartz association fills fractures (Fig. 6h) or forms millimeter-to centimeter-wide veins and veinlets. The latter can evolve to a dense stockwork that becomes pervasive through the rock and obliterates all the igneous features. Fine-grained biotite-(scapolite) partially to completely replace igneous feldspars, particularly in the quartz-feldspar porphyries (Fig. 6e ). This alteration is more intense toward shear zones, in which the rocks show S-C structures accompanied by crystal stretching and comminution of quartz, scapolite, and biotite.
In the Bacaba and Bacuri deposits, the biotite-rich alteration is ubiquitous and occurs in wide zones (>300 m) crosscut by late alteration stages. Altered rocks are fine-grained, foliated, murky-brown, and composed of biotite with subordinate scapolite, quartz, tourmaline, magnetite, allanite, monazite, and fluorite. Biotite is deformed and oriented along the mylonitic fabrics, whereas scapolite occurs as zoned and rotated megacrysts exhibiting pressure shadows of quartz. These features suggest that biotite and scapolite crystallization was prekinematic to synkinematic in relation to shearing. The protolith of these mylonites are uncertain since fluid/rock interaction is so intense that rocks with completely distinct geochemical nature can develop the same mineralogy.
Potassium feldspar
In the country rocks, potassium feldspar occurs in millimeterto centimeter-wide veins, veinlets, and microfractures that cut Vale, unpublished) the rocks with the previous alteration stages. It also replaces igneous plagioclase in a diabase dyke cutting the Campina Verde Tonalite.
In the Bacaba deposit, potassium feldspar-bearing alteration zones are also narrower (<20 m) than biotite-rich zones, structurally controlled to pervasive, and defined by replacement of hydrothermal chessboard albite and scapolite by red cloudy orthoclase containing tiny hematite inclusions. Different generations of veins and veinlets with potassium feldspar are also recognized in the Bacaba and Bacuri deposits. Early veins are controlled by mylonitic fabric, crosscut zones with albite-scapolite and commonly precede the main stage of ore formation. Late veins (up to 1 cm thick) and veinlets of potassium feldspar-(epidote) with well-developed open-space filling textures are common in mineralized zones crosscutting biotite-and chlorite-rich rocks.
Fe metasomatism
Magnetite is associated with zones of intense scapolite alteration, potassic alteration with biotite, and in mineralized zones. In the Bacaba deposit, magnetite-rich bodies with up to 85 % of magnetite occur associated with apatite+monazite ±actinolite±chlorite±calcite±biotite±pyrite±chalcopyrite. In biotite-(scapolite) mylonites, deformed magnetite crystals are variably martitized and occur associated with tabular hematite crystals. Fig. 6 Characteristic features, field aspects, and photomicrographs of the hydrothermal alteration in the rocks of the Serra Dourada area. a Albite veins altering the Serra Dourada Granite. b Pervasive albite alteration in the Serra Dourada Granite. c Scapolite veins cutting the Serra Dourada Granite. d Scapolite crystal with radial texture filling a fracture plane of the Campina Verde Tonalite. e Biotite, scapolite, and quartz altering the matrix of the Castanha quartz-feldspar porphyry along the mylonitic foliation. f Scapolite filling the matrix of a hydrothermal breccia with fragments of the Bacaba Tonalite. g Actinolite-albite (sodic-calcic alteration) overprinting a sodic alteration (albite) in the Serra Dourada Granite. h Biotite-(chlorite) filling fractures on the Bacaba Tonalite. i Fine-grained biotite altering a microcline megacrysts with chessboard texture in the Castanha quartz-feldspar porphyry. Ab albite, Act actinolite, Bt biotite, Chl chlorite, Scp scapolite Silicification Silicification occurs as quartz veins, stockwork zones, or pervasively through the rock. It is more frequent along or close to shear zones. Hydrothermal breccia with matrix filled by quartz and fragments of the host rocks is recognized in some areas, especially in the Rio Verde Trondhjemite and the Campina Verde Tonalite.
In the Bacaba deposit, pervasive and fracture-controlled silicification overprint early albite alteration zones. However, pervasive silicification and several generations of quartz veins are more typically observed in the Bacuri deposit. Early veins are deformed and brecciated. These veins have fluorite and coarse-grained muscovite crystals with kink bands. Late milky quartz veins commonly crosscut brecciated quartz veins of previous generations.
Chlorite-(epidote) formation
Epidote veins associated with chalcopyrite or malachite cut different rock types previously replaced by albite alteration, such as the mafic and the felsic intrusive rocks. Hydrothermal assemblage consisting of chlorite, epidote, calcite, clinozoisite, allanite, and iron oxide is commonly present in the matrix of the felsic subvolcanic and intrusive rocks altering the feldspar or in the minerals interstice. Scapolite crystals, particularly those along plane fractures, are commonly altered to chlorite and/or epidote. Particularly at the Bacaba and Bacuri deposits, chlorite-(epidote) alteration is strongly correlated with the mineralizing stage. In the Bacuri deposit, structurally controlled and pervasive chlorite alteration (chlorite-apatite-allanite-epidote-clinozoisitemonazite) is the main hydrothermal process and overlaps the previous hydrothermal stages (e.g., potassic alteration). It occurs especially in proximal zones toward the ore bodies.
Ore stage
Bacaba deposit
In the Bacaba deposit (Fig. 5a) , the IOCG mineralization is spatially related to late potassium feldspar veins and chlorite-rich (chlorite, calcite, epidote, albite, clinozoisite, allanite, apatite, monazite, and rutile) zones. Ore occurs as veins and replacement zones controlled by mylonitic foliation and comprises chalcopyrite, bornite, covellite, chalcocite, magnetite, and hematite, with subordinate melonite (NiTe 2 ), hessite (Ag 2 Te), altaite (PbTe), uraninite, cassiterite, and ferberite (FeWO 4 ). A late stage of hydrothermal alteration is characterized by the hematite-muscovite-kaolinite-illite association (Pestilho 2011 ) developed in ore zones. A synthesis of the paragenetic evolution of the Bacaba deposit, with the temporal evolution of the main hydrothermal alteration stages, is presented in Fig. 7a .
Two hydrothermally altered samples of the Bacaba deposit, including an ore sample, were selected for UPb LA-MC-ICP-MS monazite geochronology. Sample BACD 15/237.4 (Fig. 8a) is not mineralized and corresponds to the Serra Dourada Granite pervasively affected by silicification and albite alteration, consistent with the early stages of evolution of the hydrothermal system. The igneous texture of the granite is still preserved in this sample, and monazite crystals occur as inclusions in hydrothermal albite (Fig. 9a) .
Ore sample BACD 25/229.25 (Fig. 8b ) corresponds to the Bacaba Tonalite intensely altered by pervasive potassic alteration (potassium feldspar and minor biotite) associated with silicification. Chalcopyrite veins and veinlets cut these previous alteration stages. Hydrothermal monazite occurs as inclusions in apatite crystals (Fig. 9b, c) .
Bacuri deposit
In the Bacuri deposit (Fig. 5c) , chalcopyrite is disseminated in chlorite-(biotite) mylonites. Chalcopyrite is oriented along mylonitic foliation and infills fractures in hydrothermal apatite. It is associated with magnetite, monazite, epidote, allanite, clinozoisite, albite, chlorite, pyrite, and minor melonite, altaite, galena, and cheralite [(Ce, Ca, Th)(PO 4 ) 2 ]. Chalcopyrite formation under brittle conditions was also identified in deformed quartzmuscovite-(fluorite) veins, where chalcopyrite infills fractures, in undeformed milky quartz veins, and in potassium feldspar-epidote veinlets with well-developed open-space filling textures. The paragenetic evolution at the Bacuri deposit is presented in Fig. 7b .
Monazite grains were selected from a hydrothermally altered sample (BRID 07/115.42) for U-Pb LA-MC-ICP-MS dating, whereas molybdenite was selected for Re-Os NTIMS from part of the Serra Dourada Granite (BRID 01/45) with chalcopyrite dissemination. Sample BRID 07/115.42 (Fig. 8c) , in which the protolith nature is uncertain, is intensely affected by chlorite alteration that overprints biotite-(scapolite) alteration and completely obliterates the igneous characteristic of the rock. Chalcopyrite (ore stage) occurs as disseminations. Monazite crystals occur as inclusions in hydrothermal chlorite (Fig. 9d) .
Sample BRID 01/45 (Fig. 8d) corresponds to the foliated Serra Dourada Granite affected by pervasive silicification and albite alteration and by less developed biotite and chlorite alteration. Fine-grained molybdenite and chalcopyrite are associated with calcite and occur in centimeter-wide veins deformed along the mylonitic foliation. These sulfides are spatially unrelated to the main copper ore zone and may be coeval with local discrete potassic alteration. Late undeformed veins of malachite cut the sulfide-bearing veins. 
U-Pb and Re-Os results
The isotopic data obtained in this study by different methods is summarized in Table 1 . This section will first present the geochronological data obtained for the host rocks, followed by those achieved for the Bacaba and Bacuri ore deposits.
Country rocks
Campina Verde Tonalite
Zircon grains of sample GMCL 01 (Fig. 3g) are pink, euhedral to subhedral, and have prismatic to ovoid shapes and rounded to flat terminations. Crystal lengths range from 40 to 200 μm, with aspect ratios (length/width) of 1:1 to 3:1. CL images (Fig. 10a-c) show oscillatory and sector zoning in entire grains (Fig. 10a, b) or, alternatively, only in rims. In these cases, zircon cores do not display any internal texture. Th/U ratio ranges from 0.49 to 0.98, with a mean value of 0.67. Sample GMCL 01 was analyzed by U-Pb SHRIMP IIe, and 4 spot analyses provided the concordia age of 2,871±7.7 Ma (mean square weighted deviation (MSWD)=3.1; Fig. 11a , Supplementary Table 3) .
Zircon grains ofsample GMCL 66 are pink, euhedral, and have predominant ovoid shapes with rounded to flat terminations, although a few prismatic grains are also present. Crystal lengths range from 30 to 190 μm, with aspect ratios (length/width) of 1:1 to 2:1. CL images (Fig. 10d-f) show not only oscillatory zoning patterns (Fig. 10d, e) but also brighter textureless cores (lower U content) with oscillatory zoning only in the rims (Fig. 10f) . Additionally, zircon rims with sector zoning are also identified. Th/U ratio ranges from 0.50 to 0.85, with a mean value of 0.64. Sample GMCL 66 was analyzed by U-Pb SHRIMP IIe, and 8 spot analyses provided the concordia age of 2,876±5.4 Ma (MSWD=4.2; Fig. 11b; Supplementary Table 3 ).
Serra Dourada Granite
Zircon grains (Fig. 10g-i ) of sample GMCL 40A (Fig. 3i) are light pink, euhedral, and have prismatic shapes with pyramidal terminations or slightly ovoid forms with flat terminations. Crystal lengths range from 50 to 220 μm, with aspect ratios (length/width) between 1:1 and 3:1. Some zircon grains exhibit xenocrystic cores, in which the core appears lighter (lower U content) than the rim (higher U content) in CL images. The oscillatory zoning is present in several grains (Fig. 10h, i) , although sector or complex zoning (Fig. 10g) is also common. Additionally, some grains show textureless cores. Th/U ratio ranges from 
Quartz-feldspar porphyry
Zircon crystals of the quartz-feldspar porphyry (Fig. 10j-l) , sample GMCL 54A, are light pink to white, euhedral, and display either prismatic shape with pyramid terminations, or squared to rectangular shape with flat terminations. Crystal lengths are <150 μm and have aspect ratios (length/width) around 1:1 to 1.5:1. Oscillatory zoning is observed in some grains in CL images (Fig. 10k) , whereas in others, there is a predominance of textureless areas comprising almost the whole grain (Fig. 10j) . Th/U ratio ranges from 0.48 to 0.96, with a mean value of 0.73. The zircon grains analyzed by U-Pb SHRIMP IIe produced nine concordant analyses, resulting in a concordia age of 2,741±4.7 Ma (MSWD=1.08; Fig. 11d; Supplementary Table 3) .
The zircon grains of the Castanha quartz-feldspar porphyry, sample CASD 02/424.90 (Fig. 4c) , are pink, euhedral, and have pyramidal forms with flat terminations (Fig. 10m-o) . Crystal lengths range from 50 to 150 μm and have aspect ratios (length/width) from 1:1.5 to 2:1. CL images show that some grains have large homogeneous areas, whereas other grains have weak oscillatory zoning (Fig. 10m) . Th/U ratio ranges from 0.38 to 0.67 with a mean value of 0.53. Thirteen concordant analyses by U-Pb SHRIMP IIe rendered the concordia age of 2,745±4 Ma (MSWD=0.18; Fig. 11e,  Supplementary Table 3 ).
Dykes of quartz porphyry
Zircon grains (Fig. 10p-r ) from sample GMCL 40 (Fig. 4f) are pink, euhedral, and have prismatic shapes with pyramidal terminations. Crystal lengths range from 60 to 180 μm, with aspect ratios (length/width) between 1:2 and 1.5:1. Oscillatory zoning is present in several grains (Fig. 10p, r) , although homogeneous areas are observed in CL images. Th/U ratio ranges from 1.16 to 3.69, with a mean value of 2.12. Sample GMCL 40 was analyzed by U-Pb SHRIMP IIe, and 4 spot analyses produced the upper intercept of 1,886±4.2 Ma (MSWD=0.54; Fig. 11f, Supplementary Table 3 ).
IOCG deposits
Bacaba deposit
Monazite grains of sodically altered Serra Dourada Granite (BACD 15/237.4; Fig. 8a ) are light yellow, subhedral, and rounded to prismatic with triangular terminations. Some fractures and inclusions are present in a few grains. Internal textures are absent in CL and BSE images. Crystals vary from 30 to 220 μm and have aspect ratios (length/width) from 1:1 to 1.5:1. Twenty-one analyses by U-Pb LA-MC-ICP-MS in 18 grains yielded a concordia age of 2,720±15 Ma (MSWD= 0.9; Fig. 12a, Supplementary Table 4) .
The monazite grains of the ore sample hosted by the Bacaba Tonalite (BACD 25/229.25; Fig. 8b ) are light yellow, subhedral, and ovoid to pyramidal with rounded terminations. Internal textures in monazite grains are also not observed in CL or BSE images. The crystal length varies from 20 to 250 μm and has aspect ratios (length/width) from 1:1 to 1.8:1. The monazite grains provided two distinct age populations, notwithstanding the fact that no differences were observed regarding structure, morphology, size, and color. Nine U-Pb LA-MC-ICP-MS spot analyses in seven monazite grains yielded a concordia age of 2,681±20 Ma (MSWD=3; Fig. 12b, Supplementary Table 4) , whereas 26 spot analyses in 19 grains yielded a concordia age of 2,060±9.6 Ma (MSWD= 1.3; Fig. 12c, Supplementary Table 4) . The older age was not restricted to monazite cores, and the younger age was not limited to the monazite rims.
Bacuri deposit
The monazite grains of the chlorite altered sample (BRID 07/ 115.42; Fig. 8c ) associated with Cu mineralization are yellow with few dark yellow areas and euhedral to subhedral, with pyramidal to prismatic forms. Several inclusions are present, and no internal textures are observed in CL or BSE images. Crystal length varies from 40 to 190 μm and has aspect ratios (length/width) from 1:1 to 1.5:1. Thirty spot analyses by U-Pb LA-MC-ICP-MS in 17 grains provided a concordia age of 2,703 ± 6.2 Ma (MSWD = 1.9; Fig. 12d, Supplementary  Table 4) .
Molybdenite of sample BRID 01/45 (Fig. 8d) Os concentration of 612.7 ppb (±2σ of 0.4), and 2.1 pg of total common Os. The molybdenite crystals of this sample yielded a Re-Os age of 2,758±11 Ma.
Discussion
Mesoarchean and neoarchean magmatism in the Southern Copper Belt
Detailed mapping in the Serra Dourada area, Southern Copper Belt, has identified a suite of migmatites, lenses of metaultramafic rocks, granites, mafic intrusive and volcanic rocks, felsic subvolcanic rocks, and mylonites.
The Mesoarchean host units of the IOCG deposits in the Southern Copper Belt include the oldest rocks of the Carajás Province. Such rocks comprise the Bacaba Tonalite (3,001± 3.6 Ma, zircon U-Pb LA-MC-ICP-MS; Moreto et al. 2011) , which hosts the Bacaba deposit, and the Sequeirinho Granite (3,010±21 Ma, zircon U-Pb LA-ICP-MS; Moreto et al. accepted) , hosting the Sequeirinho ore body (Sossego deposit). Similar ca. 3.0-Ga ages in the Carajás Province were attributed to the crystallization of the protoliths of migmatites of the Xingu Complex and enderbites and charnockites of the Pium Complex (Pidgeon et al. 2000) . Additionally, at the Sossego deposit, the Pista felsic metavolcanic rock (2,968±15 Ma and 2,979±5.3 Ma, zircon U-Pb SHRIMP IIe, Moreto et al. accepted) hosts the Pista ore body. This lithotype is spatially related to lenses of tremolite-talc mylonites identified in drill cores.
During 2.87-2.85 Ga, magmatic events in the Southern Copper Belt included (i) the Campina Verde Tonalite, with crystallization ages of 2,871±7.7 Ma and 2,876±5.4 Ma, obtained in this study. These ca. 2.87-Ga ages are also similar to the 2,872±1 Ma age (Pb-Pb zircon evaporation) and slightly older than the 2,850±7 Ma age (zircon U-Pb LA-ICP-MS) reported for this unit (Feio et al. 2013) ; (ii) the 2,868 ±4 Ma Rio Verde Trondhjemite (Feio et al. 2013) ; and (iii) the Serra Dourada Granite, with an igneous crystallization age of 2,848±5.5 Ma, obtained in this study. This age is close to those previously reported for this rock, such as 2,860±22 Ma (zircon U-Pb LA-MC-ICP-MS, Moreto et al. 2011 ) and 2,831 ±6 Ma (zircon U-Pb LA-ICP-MS, Feio et al. 2013) .
These Mesoarchean igneous rocks correspond to the basement of the ca. 2.75-Ga Carajás Basin. They are also coeval with the important interval (ca. 3.1 to 2.8 Ga) for mantle-crust differentiation in the Carajás Province, suggested by Sm-Nd isotope T DM model ages of ca. 3.0 Ga for rocks with different ages and compositions (Macambira and Lancelot 1996; Tassinari and Macambira 1999; Dall'Agnol et al. 1999; Galarza and Macambira 2002) .
The diopside norite and gabbro that intrude the Serra Dourada Granite are petrographically similar to the mafic intrusive rocks (2,739±5.9 Ma and 2,739±4.2 Ma; U-Pb SHRIMP IIe in zircon; Moreto et al. accepted) hosting the Sequeirinho-Baiano ore bodies (Sossego deposit) and to gabbro of the Pium Diopside Norite unit (2,735±5 Ma, U-Pb zircon; Feio et al. 2012) , located 30 km south of the Sossego Mine. Additionally, the mafic intrusive rock that hosts the Cristalino IOCG deposit (Cristalino Diorite) is also ca. 2.74 Ga in age (2,738±6 Ma, Pb-Pb zircon; Huhn et al. 1999a) . Thus, it is suggested in this study that the mafic rocks intruding the Serra Dourada Granite are most likely coeval with the ca. 2.74-Ga mafic magmatism recognized in the Southern Copper Belt.
The quartz-feldspar porphyries were not previously described in the Carajás region. Although these subvolcanic rocks occur as small subcircular bodies, various drill holes in the Castanha deposit area intercepted several meters of these rocks, including zones with intense actinolite-and magnetiterich alteration, suggesting that these intrusions may be extensive in the subsurface. The U-Pb SHRIMP IIe ages of 2,741± 4.7 Ma and 2,745±4 Ma obtained in this study are interpreted as the timing of igneous crystallization of the quartz-feldspar porphyries, including the Castanha quartz-feldspar porphyry. The ca. 2.74-Ga ages of the quartz-feldspar porphyries are also coeval with the synkinematic granites widely distributed in the Carajás Domain (e.g., Planalto, Estrela, Pedra Branca, Plaquê suites; Barros et al. 2004; Feio et al. 2012) . Similar ages were also reported for host rocks of the Sossego and Alvo 118 deposits, including the Sossego granophyric granite (2,740±26 Ma; Sossego ore body; Moreto et al. accepted) , the Curral Granite (2,739±4.2 Ma; Curral ore body; Moreto et al. accepted) , and the tonalite that hosts the Alvo 118 deposit (2,743±3 Ma; Tallarico 2003) .
All these data indicate that widespread bimodal magmatism occurred in the Southern Copper Belt at ca. 2.74 Ga and that these bimodal intrusive rocks, especially shallow crustal porphyry and granophyric intrusion, and gabbro, represent important host units of the IOCG deposits.
The Paleoproterozoic unit identified in the Serra Dourada area corresponds to late dykes of quartz porphyry dated in this study at 1,886±42 Ma. Since this age was acquired from four spot analyses in four discordant zircon grains, the upper intercept of ca. 1.88 Ga is considered a preliminary age. However, this Paleoproterozoic age is similar to those of the widespread A-type alkaline granites of the Serra dos Carajás Intrusive Suite (e.g., Central de Carajás, Cigano, Rio Branco Granites; Machado et al. 1991) .
Significance of the meta-ultramafic rocks
The presence of meta-ultramafic rocks in the Southern Copper Belt is notable. These rocks occur as mylonites tectonically deformed along shear zones cutting several units, including the Serra Dourada Granite, and the mafic intrusive rocks. Moreover, this association is also observed in supergene copper prospects and IOCG deposits, such as the Bacaba, Bacuri, Visconde, and Sossego (Pista ore body) deposits.
The spatial relationship between the meta-ultramafic lenses and the ca. 2.97-Ga Pista felsic metavolcanic rock is similar to that of the ca. 3.0 to 2.0-Ga greenstone belts of the Rio Maria Domain, such as the Gradaús, Serra do Inajá, Babaçu, Lagoa Seca, and Sapucaia sequences (DOCEGEO 1988; Araújo and Maia 1991; Macambira and Lancelot 1996; Tassinari et al. 2005) . This could suggest a common evolution for the Carajás Province during the Mesoarchean, before the Carajás Basin deposition and extensive reworking in the Neoarchean (ca. 2.76-2.74 Ga). However, as the meta-ultramafic lenses are mainly found along shear zones, an allochthonous origin cannot be ruled out.
The relation between ultramafic rocks and Cu occurrences should be carefully evaluated. The world-class Olympic Dam IOCG deposit in Australia is hosted by a granite (Roxby Downs Granite) and cut by several mafic-ultramafic dykes, similar to lamprophyres and kimberlites (Johnson and McCulloch 1995) . Nd isotope studies conducted by these authors showed that the ultramafic rocks may have contributed a significant amount (approximately 50 %) of Nd and, by implication, Cu to the Olympic Dam deposit. Conversely, the smaller and weakly mineralized copper prospects and barren iron oxide breccias from the Olympic Dam district show Nd and, by implication, Cu contributions exclusively from crustal sources, with little input of primitive Nd (Skirrow et al. 2007 ). Additionally, a comparison between initial 187 Os/
188
Os ratios of iron oxides and sulfides from IOCG deposits of the Chilean Iron Belt (e.g., Candelaria, Manto Verde, and Bronce deposits), and iron oxides from Cu-poor or barren magnetite-apatite deposits in the same region was carried out by Mathur et al. (2002) . The IOCG deposits show Os isotope signatures indicating mantle and crustal inputs, whereas the magnetite-apatite deposits revealed radiogenic sources of Os, consistent with crustal sources (Mathur et al. 2002) . These studies collectively point to a crucial role of mafic and/or ultramafic igneous rock or magmas in the genesis of major IOCG deposits.
In the Southern Copper Belt, the meta-ultramafic rocks underwent hydrothermal alteration as evidenced by scapolite replacement of tremolite porphyroblasts in tremolite-talc mylonites. Fluid-rock interaction likely was responsible for metal leaching from these rocks, which could represent important metal sources, mainly of Cu, Ni, and minor Co and Pd for the IOCG hydrothermal systems.
Geochronological data of the Bacaba and Bacuri deposits
The new geochronological data from this study (Table 1) point to a complex evolution of the Bacuri and Bacaba deposits, with evidence of multiple discrete hydrothermal events responsible for alteration and IOCG ore genesis.
In the Bacuri deposit, the 2,758±11 Ma age was obtained in molybdenite from deformed chalcopyrite-calcite veinlets cutting the ca. 2.85-Ga Serra Dourada Granite, which are spatially unrelated to the main ore zone. Additionally, monazite inclusions in chlorite of chlorite-rich zones with minor chalcopyrite disseminations, which are related to the ore stage, yielded an age of 2,703±6.2 Ma. Both the ca. 2.76 and 2.70-Ga ages are interpreted as evidence of distinct episodes of hydrothermal fluid circulation and alteration in the Bacuri deposit area. Even if the analytical uncertainties are considered, these ages are statistically distinguishable and show at least a 37.5 Ma in age difference. Since the duration and episodicity of ore-forming activity in different environments encompass no more than a few million years (Cathles et al. 1997; Ballard et al. 2001; von Quadt et al. 2005; Chiaradia et al. 2013) , it is doubtful that the two distinct ages encompass a single and long-lived hydrothermal event.
Hydrothermal monazite grains of the sodically altered and silicified Serra Dourada Granite in the Bacaba deposit yielded an age of 2,720±15 Ma. Igneous zircon grains of this sample (BACD 15/237.4) were previously analyzed by U-Pb LA-MC-ICP-MS and yielded a projected upper intercept of 2,860 ±22 Ma (Moreto et al. 2011) . The zircon grains are intensely metamictized, evidenced by fractures and oxide inclusion, and had prominent lead loss. In contrast, the monazite grains yielded a concordia age with no lead loss. The 2,720± 15 Ma age is interpreted to date the sodic alteration in the Bacaba deposit, which precedes ore formation based on the paragenetic sequences of hydrothermal alteration and mineralization (Fig. 7a) .
The monazite grains of a Cu ore sample (BACD 25/ 229.25) hosted by the Bacaba Tonalite in the Bacaba deposit provided two distinct ages: 2,681±20 and 2,060±9.6 Ma. Since these ages were acquired in both cores and rims of different monazite grains, they likely represent distinct monazite populations. Zircon grains of this ore sample were also previously dated, yielding an age of 2,991±5.8 Ma (U-Pb LA-MC-ICP-MS; Moreto et al. 2011) . The latter was interpreted as the crystallization age of the host Bacaba Tonalite and unrelated to mineralizing processes. Both the Neoarchean (2.68 Ga) and the Paleoproterozoic (2.06 Ga) ages are interpreted to represent two distinct hydrothermal events recorded in the Bacaba deposit.
Although a Pb closure temperature of about 700-750°C has been proposed for monazite (Copeland et al. 1988; Smith and Giletti 1997) , several studies demonstrated that the U-Pb system can be highly disturbed in monazite by lower temperature hydrothermal events (Poitrasson et al. 1996; Townsend et al. 2000; Rasmussen et al. 2005; Li et al. 2011; Williams et al. 2011) . These authors reported dissolutionreprecipitation process in the presence of a fluid phase with temperatures not exceeding 400-450°C. Additionally, Rasmussen et al. (2001) also reported monazite growth during low-temperature metamorphism of shales. These examples suggest that both disturbance and new growth of monazite can occur at temperatures below the Pb closure temperature, which is commonly considered the normal lower limit temperature for resetting.
Thus, the hydrothermal fluids associated with the younger 2.06-Ga episode could have been responsible for either new monazite growing, but not necessarily related to new ore formation, and/or intense remobilization of monazite crystallized during the Neoarchean IOCG-forming event. In fact, the fluids from the Paleoproterozoic hydrothermal pulse may have also remobilized ore-related minerals.
Timing and evolution of the IOCG hydrothermal systems of the Southern Copper Belt
The geochronological results from this study (Table 1) (Soares et al. 2001; Silva et al. 2012) indicate that the IOCG deposits of the Southern Copper Belt were formed and remobilized during multiple temporally discrete hydrothermal events during the Neoarchean and the Paleoproterozoic.
These multiple IOCG-forming and hydrothermal systems, which are depicted in detail in Fig. 13 The 2,747±140 Ma (MSWD=12; Silva et al. 2012 ) and 2,700±29 Ma (MSWD=656; Soares et al. 2001 ) Pb-Pb chalcopyrite ages of the Visconde and Cristalino deposit are inaccurate due to their large errors. However, they can be considered indicative that the event(s) responsible for ore genesis likely took place in the Neoarchean instead of the Paleoproterozoic. Although recurrence of hydrothermal systems in time is evidenced in the Southern Copper Belt, it is interpreted that the 2.72-2.68 and 1.90-1.87-Ga intervals were responsible for IOCG ore formation.
Several temporally discrete hydrothermal and IOCG events over a larger range in time (500 Ma) have also been proposed for deposits in the Selwyn-Mount Dore corridor (e.g., Starra, Mount Elliot, SWAN, Mount Dore and Lady Ella), Mount Isa Inlier, Australia (Duncan et al. 2011 ). According to Oliver et al. (2008) , a protracted hydrothermal evolution is recorded in the Mount Isa Eastern Succession as a consequence of longlived fluid fluxes, and metal and sulfur contributions, which were stimulated by repeated emplacement of voluminous magmas during rifting and thin-skinned convergence cycles. The Re-Os (molybdenite) and U-Pb (titanite) data of Duncan et al. (2011) suggest that these deposits could be related to igneous activity (Mount Elliot and SWAN deposit), including evolved magmatic fluids (Lady Ella and Mount Dore deposits), but also to metamorphic processes (Starra deposit).
Furthermore, geochronological studies conducted in several IOCG and Fe oxide-apatite deposits in the Kiruna district, Sweden, showed that the main stage of Fe mineralization took place at 1,890-1,870 Ma, but a second hydrothermal alteration event, at 1,800-1,750 Ma, caused significant reworking of the initial phase of mineralization associated with further fluid flow episodes along major structural features (Smith et al. 2009 ). This is similar to the scenario of the Southern Copper Belt, where distinct hydrothermal monazite and molybdenite ages were obtained.
The 2.76-Ga molybdenite age in the Bacuri deposit, which is interpreted as the oldest evidence for hydrothermal activity is the Southern Copper Belt, is similar to the age of deposition of the thick (~4-6 km; Gibbs et al. 1986 ) metavolcanic-sedimentary sequence (ca. 2.76 to 2.74-Ga Itacaiúnas Supergroup; Machado et al. 1991 ) that filled the Carajás Basin. The Southern edge of the latter is located only hundreds of meters north of the Bacuri deposit, but it was possibly more extensive during the Neoarchean. During the Itacaiúnas Supergroup deposition, basinal fluids may have circulated through crustal weaknesses, such as the WNW-ESE-trending shear fabrics present at the basement rocks. Thus, this suggests that an early hydrothermal system operated beneath and partly within an active volcanosedimentary basin, analogous to that reported by McPhie et al. (2011) for the Olympic Dam deposit, Australia.
The continental rift model proposed for the evolution of the Carajás Domain DOCEGEO 1988; Tallarico 2003) indicates that a 2.76-Ga thermal source, possibly related to the ca. 2.7-Ga mantle plume event registered worldwide (Condie Abbott 1999, 2002) , caused a continental rift, the scenario in which the Carajás Basin was developed. Moreover, Tallarico (2003) argue that the ca. 2.76-Ga thermal event caused the underplating of mafic magma in lower crust that ascended and generated differentiate magma chambers (e.g., 2.76-Ga Luanga mafic-ultramafic layered igneous complex) and the metavolcanic-sedimentary Itacaiúnas Supergroup when the magma reached the surface. Trace element, Sr, and Nd isotopic data of bimodal volcanic rocks of the Grão Pará Group (Itacaiúnas Supergroup) are also consistent with contamination of mantlederived melts by older continental crust .
Following the genetic models for Precambrian IOCG deposits of Groves et al. (2010) , plume-induced partial melting of metasomatized subcontinental lithospheric mantle probably produced mafic to ultramafic magmas that meltd overlying continental crust and mixed with resultant felsic melts, controlling the composition of magmatic fluids responsible for IOCG formation.
Based on (i) the 2.76-Ga hydrothermal event registered in the Bacuri deposit, (ii) the continental rift model for the Carajás Domain related to a ca. 2.7-Ga mantle plume event DOCEGEO 1988; Tallarico 2003) , and (iii) the genetic model for Precambrian IOCG deposits of Groves et al. (2010) , hydrothermal fluids with basin and mantlederived components circulating and leaching metals in an intracratonic setting cannot be ruled out in the early stages of the long-lived hydrothermal evolution of the Carajás Domain. But if the uncertainties of the Re-Os age of 2,758±11 Ma are taken into account, molybdenite formation in the Bacuri deposit might partially overlap the ca. 2.74-Ga bimodal magmatism (e.g., porphyries and gabbroic rocks). In this case, the magmatic-hydrothermal system associated with the emplacement of these units might have released fluids that circulated along crustal weaknesses and interacted with the Mesoarchean and Neoarchean country rocks.
On the other hand, the important ca. 2.72-2.68-Ga interval of IOCG mineralization, recorded by monazite at the Bacuri (2,703 ±6.2 Ma), Bacaba (2,681±20 Ma and 2,720±15 Ma), and Sossego (Sequeirinho ore body; 2,712±4.7 Ma; Moreto et al. accepted) deposits and by molybdenite in the Pista ore body (2,710±11 Ma and 2,685±11 Ma; Moreto et al. accepted), does not overlap in time, even considering the uncertainties on the isotopic ages, with the widespread ca. 2.74-Ga bimodal igneous rock, including the quartz-feldspar porphyries. Only the 2,720± 15 Ma monazite age for sodic alteration in the Bacaba deposit may approach within error to the ca. 2.74-Ga ages.
The ca. 2.74-Ga granites and shallow-emplaced porphyries, in addition to coeval gabbros, precede the main stage of IOCG ore formation in the Southern Copper Belt. However, the possibility of IOCG mineralization or hydrothermal activity developed at ca. 2.74 Ga in the area is not precluded. Nevertheless, the 2.74-Ga bimodal rocks are undoubtedly highly reactive rocks and may have provided important sources of leached Cu, Au, and S. The 2.72-2.70 Ma U-Pb LA-MC-ICP-MS zircon ages (e.g., 2,729±17 and 2,706±5 Ma; Feio et al. 2012 ) of the extensive Planalto Granite Suite overlap with the Neoarchean IOCG-forming system in the Southern Copper Belt, although older ages for this unit exist in the literature (2,747±2 and 2,731±1 Ma, Pb-Pb evaporation, Huhn et al. 1999a; Feio et al. 2012 ; 2,738±3 Ma, U-Pb SHRIMP, Feio et al. 2013) . In this sense, a genetic relationship between the 2.72-2.68-Ga IOCG deposits and the development of magmatic-hydrothermal systems is possible. The involvement of magmatic components is also suggested by stable isotope data of the Sequeirinho-Pista ore bodies and the Bacaba, Castanha, and Bacuri deposits (δ 18 O fluid =5.2 to 7.8‰ at>550°C; Monteiro et al. 2008a; Pestilho 2011) . The sulfur isotope composition of chalcopyrite in these deposits (δ 34 S=0.8 to 6.1‰) is also consistent with sulfur input from a magmatic fluid phase or leached from igneous rocks, but as well as from nonmagmatic sources such as reduced seawater sulfate, evaporite sulfur, or reduced sedimentary sulfur (Monteiro et al. 2008a ).
The isotope (Monteiro et al. 2008a; Pestilho 2011 ) and the geochronological data from this study are also permissive with alternative sources of heat that could have triggered the circulation of IOCG-related hydrothermal fluids during the tectonic inversion of the Carajás Basin at about 2.7 Ga. The inversion involved a regional phase of sinistral transpression controlled by a NNE-directed oblique shortening and caused the reactivation of the previously formed ca. 2.85-Ga ductile regional shear zones (Domingos 2009 ). This likely caused the circulation of hydrothermal fluids at regional scale through major crustal discontinuities, leading to metal leaching from the country rocks and subsequent ore deposition at ca. 2.7 Ga.
The 2.72-2.68-Ga IOCG system at the Bacaba and Bacuri deposits encompasses an evolution from early albite, chlorinebearing marialitic scapolite, potassic alteration with biotite-(scapolite), followed by chlorite alteration and ore formation. Scapolite alteration zones are known in many IOCG districts worldwide, such as the Cloncurry district, Australia (Conor et al. 2010) , the Fennoscandian Shield, Sweden (Smith et al. 2013) , and Wernecke Mountains, Yukon, Canada (Hunt et al. 2005) . Hydrothermal scapolite formation points to a deeper-emplaced hydrothermal system with predominance of hot (>500°C; Vanko and Bishop 1982) hypersaline fluids (Mora and Valley 1989) .
In the Bacuri deposit, chalcopyrite formation in deformed quartz-muscovite veins and late milky quartz and potassic feldspar-epidote veinlets with open-space filling textures reflect a transition from ductile-brittle to predominantly brittle conditions. Such significant changes could indicate evolution of the hydrothermal system during progressive exhumation (Melo et al. 2014) . Although the geochronological data obtained in this study do not point to a Paleoproterozoic thermal overprint in the Bacuri deposit, this cannot be entirely ruled out.
In the Bacaba deposit, monazite also records a 2.06-Ga hydrothermal event. This age notably differs (ca. 150 Ma) from the well-constrained 1.90-1.88-Ga interval for IOCG formation (Sossego-Curral ore bodies and Alvo 118 deposit; Tallarico 2003; Moreto et al. accepted) . Although this 2.06-Ga hydrothermal event does not overlap with any known magmatism, it is coeval with the weak tectonic inversion of the Carajás Basin between 2.0 and 1.8 Ga (Pinheiro and Holdsworth 1997) , which caused the reactivation of crustal discontinuities nucleated during the Archean (e.g., Carajás Fault and Canaã Shear Zone; Fig. 1 ). This tectonic reactivation is likely related to a continental-scale collision between the Carajás Province and the northern Bacajá Domain (Fig. 1) , located in the Southern part of the ca. 2.2-1.95 Ga MaroniItacaiúnas Province (Tassinari and Macambira 1999) . This orogeny is known as the Trans-Amazonian cycle (ca. 2.2-2.0 Ga; Teixeira et al. 1989) , and recent studies suggest that the last stage of evolution of the Bacajá Domain ended at ca. 2.08-2.07 Ga (Vasquez et al. 2008b) . The amalgamation of these two blocks released large quantities of hydrothermal fluids that circulated in the crust along major discontinuities, which is registered by monazite formation and/or alteration in the Bacaba deposit.
The 1.90-1.88-Ga IOCG-forming system was not recorded, in the present study, in the Bacaba and Bacuri deposits, despite widespread evidence of recurrence of superimposed hydrothermal systems along the Southern Copper Belt. Timing relationships of the 1.88-Ga A-type granite magmatism in the province (e.g., Serra dos Carajás Intrusive Suite; Machado et al. 1991) indicate that this felsic magmatism could have acted at least as a source of heat that caused the circulation of hydrothermal fluids at regional scale.
Stable isotope and fluid inclusion data, and distribution and style of hydrothermal alteration zones (Monteiro et al. 2008a, b; Xavier et al. 2009; Carvalho 2009; Pestilho 2011; Torresi et al. 2012) suggest that the Paleoproterozoic IOCG systems (Sossego-Curral ore bodies and Alvo 118 deposit) were formed at higher structural levels than the Neoarchean IOCG deposits (e.g., Sequeirinho-Pista-Baiano ore bodies, Castanha, Bacaba, and Bacuri deposits). These deposits are positioned in similar depths because it is suggested that the Paleoproterozoic hydrothermal systems were emplaced after the progressive exhumation of the Neoarchean deposits (Fig. 13) . Major contributions of externally derived, nonmagmatic fluids were reported for both Neoarchean and Paleoproterozoic systems (Monteiro et al. 2008a) . Given that hydrothermal events occurred episodically in the area, hot fluids (>500°C; early Na alteration; Sossego ore body; Monteiro et al. 2008a ) circulating through and leaching the widespread marialite alteration possibly incorporated Cl and Na, increasing its total salinity. Thus, scapolite dissolution due to interaction with externally derived fluids in shallowemplaced systems contributed to increase the capacity of metal (Cu and Au) transport and may have played an important role in the recurrence of hydrothermal systems.
Comparing the IOCG systems in the Southern Copper Belt to those in the Northern Copper Belt
The new geochronological data obtained in this study allow a comparison between the IOCG systems in the Southern Copper Belt to those in the Northern Copper Belt, such as the Salobo and Igarapé Bahia-Alemão deposits. Figure 14 integrates the existing geochronological data for these IOCG deposits, the main tectonic events and granite magmatism in the Carajás Domain, and permits an evaluation of the timing of IOCG formation in the Carajás Province.
Re-Os and U-Pb SHRIMP II analyses of ore-related molybdenite and monazite, respectively, are suggestive of a hightemperature IOCG event strongly controlled by shear zone development at ca. 2.57 Ga in the Northern Copper Belt. In the Salobo deposit, the molybdenite age of 2,576±8 Ma (Réquia et al. 2003 ) is similar to the 2,575±12 Ma monazite age at the Igarapé Bahia-Alemão deposit (Tallarico et al. 2005) . According to the above authors, IOCG formation at ca. 2.57 Ga was associated with the emplacement of the small 2.57-Ga Itacaiúnas and Old Salobo Granites. Alternatively, these systems could be related to reactivation of the Carajás and Cinzento strike-slip fault systems at ca. 2.6 Ga (Pinheiro and Holdsworth 1997) .
Dating of Cu sulfides by the Pb-Pb method in the Salobo and Igarapé Bahia-Alemão deposits yielded older Neoarchean ages ranging from 2,770 to 2,700 Ga (Tassinari et al. 2003; Galarza et al. 2008; Fig. 14) . Although the reliability of these less precise ages is uncertain, they were interpreted as the timing of syngenetic Cu-Au mineralization related to the deposition of the Carajás Basin (Tassinari et al. 2003; Galarza et al. 2008) . Dreher et al. (2008) also argued that ore genesis of the Igarapé Bahia-Alemão deposit would be older than ca. 2.57 Ga and that the U-Pb monazite age of 2,575 Ma (Tallarico et al. 2005 ) represents a superimposed event not related to the main mineralizing episode.
In the present study, ages around 2.57 Ga were not identified in the country rocks or in ore-related samples in the Southern Copper Belt; neither are reported in the literature. This indicates that the ca. 2.57-Ga event, either related to CuAu mineralization or to hydrothermal overprint associated with tectonic reactivation (e.g., Cinzento strike-slip fault system), is likely restricted to the Northern Copper Belt.
Conclusions
This study has characterized the host rocks and hydrothermal assemblages associated with IOCG deposits in the Southern Copper Belt which, combined with new geochronological data (Re-Os analysis of molybdenite, and U-Pb analysis of zircon and hydrothermal monazite), allows a more detailed understanding of the metallogenic and crustal evolution of the Southern Copper Belt.
Magmatism in the Serra Dourada area is represented by the (1) ca. 3.0-Ga Bacaba Tonalite and Sequeirinho Granite, in addition to the protolith of the Xingu m i g m at it e ; ( 2 ) c a. 2 . 97 -2 . 9 6 -G a P i s t a f e l s i c metavolcanic rock with meta-ultramafic lenses and the Canaã dos Carajás Granite; (3) the ca. 2.87-Ga Campina Verde Tonalite and the Rio Verde Trondhjemite; (4) 2.85-Ga Serra Dourada Granite; (5) ca. 2.74-Ga Curral Granite, quartz-feldspar porphyries, Sossego granophyric granite, gabbro of the Sossego deposit, coeval with the Cristalino Diorite, and a tonalite of the Alvo 118 deposit; and (6) ca. 1.88-Ga Rio Branco Granite and late quartz porphyry dykes coeval with the A-type granite magmatism recognized in the entire Carajás Province.
The widespread Neoarchean (ca. 2.74 Ga) bimodal magmatism is only recognized in the Carajás Domain, where all known IOCG deposits in the province are located.
Application of robust U-Pb and Re-Os geochronometers in this study, together with other available data for IOCG deposits (e.g., Moreto et al. accepted) , strongly supports the proposal that the Southern Copper Belt endured episodic and multiple IOCG hydrothermal systems over an extended period between the Neoarchean and the Paleoproterozoic.
The 2.76-Ga hydrothermal event recorded by molybdenite at the Bacuri deposit, which is the oldest evidence of hydrothermal activity in the Southern Copper Belt, operated partially within the Carajás Basin and was contemporary with the deposition of the Itacaiúnas Supergroup and emplacement of bimodal intrusive rocks. Hydrothermal fluids, with basinal and mantle-derived components, circulated through crustal weaknesses enabling fluid-rock interaction involving mafic and felsic volcanic rocks, iron formations, and Mesoarchean basement rocks. . A amphibolite, amp amphibole, cpy chalcopyrite, Da dacite, Di diorite, FM felsic metavolcanic rock, G granite, Gb gabbro, GG granophyric granite, Gn gneiss, mz monazite, mgt magnetite, moly molybdenite, P quartz-feldspar porphyry, T tonalite, zr zircon
The major IOCG mineralizing system in the Southern Copper Belt occurred in the Neoarchean (ca. 2.72-2.68 Ga) and was responsible for the development of large-scale, deeply emplaced IOCG deposits formed by regional circulation of hot (>500°C) and saline hydrothermal fluids, related to both ca. 2.7-Ga tectonic inversion of the Carajás Basin and coeval felsic magmatism (Planalto Suite). Neoarchean IOCG hydrothermal systems are characterized by extensive scapolite-rich halos and massive magnetite-(apatite) and calcic-sodic alteration (albite-actinolite) overprinted by potassic alteration (biotite-scapolite-tourmaline). The Bacaba, Bacuri, and possibly the Castanha, Cristalino, and Visconde deposits record the Neoarchaen hydrothermal evolution and share a common metallogenic history with the ca. 2.72-2.68-Ga SequeirinhoBaiano-Pista ore bodies of the Sossego deposit.
A subsequent hydrothermal event at ca. 2.06 Ga, and recorded only in the Bacaba deposit, was also triggered by reactivation of the regional shear zones nucleated during the Archean, in response to a weak tectonic inversion of the Carajás Basin between 2.0 and 1.8 Ga. This reactivation might be related to the amalgamation of the Carajás Domain and the northern Bacajá Domain.
The final episode of IOCG formation in the Carajás Province, at 1.90-1.88 Ga, is represented by IOCG deposits emplaced at shallow crustal levels (Alvo 118 and the Sossego-Curral ore bodies), which developed after exhumation of the Neoarchean systems. The widespread 1.88-Ga anorogenic magmatism in the Carajás Province provided sufficient heat to cause the circulation of hydrothermal fluids at regional scale, along major crustal discontinuities.
The recurrence of hydrothermal systems in the same region is suggestive of leaching and reworking of previously hydrothermally altered areas, including the widespread scapolite (marialite)-rich zones. Marialite dissolution releases Cl and Na to the hydrothermal fluids, increasing salinity and thereby efficiency in carrying metals, especially Cu, as chlorine complexes. The hydrothermal fluids were channeled along major crustal structures, resulting in overprinting and multistage mineralization focused in structurally controlled fluid discharge zones.
Although Paleoproterozoic IOCG activity occurred in the Southern Copper Belt, it was the Neoarchean (2.72-2.68 Ga) IOCG system, characterized by their extensive hydrothermal halos, responsible for the world-class deposits (e.g., Sossego and Cristalino), along with several minor deposits (e.g., Bacaba, Bacuri, Castanha, and Visconde).
Finally, geochronological data in this study and those in the literature do not support a common evolution for the IOCG deposits in the Southern Copper Belt and those in the Northern Copper Belt (e.g., Salobo and Igarapé BahiaAlemão deposits). Evidence of the 2.57-Ga hydrothermal event, widely recognized at the Northern Copper Belt, was not identified in the Southern Copper Belt. This precludes the hypothesis that all IOCG deposits of the Carajás Province were formed during a single IOCG hydrothermal event.
